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We have studiedJ; — B— T surfacedfor high-J; Ag-cladBi>SrCaCuyOg.x (Bi2212)and
(Bi,Pb)SrCaCusO10+y (Bi2223) tapesin the temperatureange4.5- 100K andmag-
neticfield B < 1 T. In both typesof tapes,for temperaturel > 0.5 T, J.(T,B) andthe
pinning force densityF, = J:B exhibit scalingbehaiour analogoudo that obsered in
high-T; singlecrystalsandepitaxialfiims. The parallelstudyof the pinning potentialsJg
andof theirreversibility fields Bj;, (deducedrom the resistve transitionsin the applied
field) for the sametapes revealedthatthe activationbarrierd = Ug(1— T /T¢)/B™ deter
minesboththemagnitudesndtemperaturelependengof thescalingfieldsB* (definedoy
Fo = Fomay) andB;r;. ConsiderablyargerUg for Bi2223tape,comparedo thatof Bi2212
tape,is probablydueto bothlower electronicanisotropy of thiscompoundandhighercon-
tentof defects.However, in bothtypesof tapesthe pinning of vorticesis insufficient for
thehigh-B high-T applications.
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1. Introduction

The knowledgeof the variationof critical currentdensityJ. (definedby the electric
field E¢) with temperaturél and magneticfield B is importantfor mostapplicationsof
superconductity. The resultingJ; — B — T surfacebearssufiicient informationfor the
applicatve purposegary point below this surfacecorrespondso E < E.), andmayalso
indicatethe natureof interactionggiving rise to the obsened behaiour. Sincein typell
superconductord depend®nthepinningof vortices themainproblemis to establistthe
correlationbetweerthe pinning centregPC), suchasthe structuralimperfectionsand/or
impurities,andthe currentdensityJ, i.e., to establisha consistenmodelfor the pinning of
vortices.Unfortunately sucha uniquemodelis not known. Whereasn the corventional
type Il superconductorgneof the key problemsis whetherthe interactionbetweenPCs
andvorticesleadsto the plasticor elasticdeformationsof the flux (vortex) lattice, in the
layeredhigh temperaturesuperconductorHTS) even the properdescriptionof vortices
(2D pancalesor 3D rods)presentshe problem.Theadditionalproblemfor HTS arether
maleffectsonthepinningof vortices,associatewith theirhigh superconductingansition
temperatures;.

Accordingto the above, well below T, J; correspondso J at which the driving force
(F ~ JB) overcomeghepinningenegy U. Sincethework of F depend®nthesizeof the
moving flux bundle (V) andits hop distance(x), J; is not that suitablefor the estimation
of U. A morecorvenientway to estimatel is to investigatethe onsetof the dissipation
(resistanceR) at low J (hencelow F) which shouldyield directly the size (depth)of the
pinning potential[1]. However, for HTS, this methodhasalsobeencriticized, becauset
givesthevaluesof U which areconsiderablyargerthanthosededucedrom the magneti-
zationrelaxation(reflectingthe decayof J. with time dueto the flux creep).At presentit
is notclearwhich of thesemethodgrovidesmorereliableestimateor U. Additionally, in
granular(inhomogeneousiTS, the existenceof weaklinks (visualizedasthe Josephson
junctions)at somegrainboundariesnakestheorigin of theresistancensetratherunclear
However, our previousresultshave shavn [2] thatthe onsetof Rin well preparedig-clad
Bi-Sr-Ca-Cu-Otapeshasthe sameform asthatin the correspondindiomogeneousam-
ples(epitaxialfilms andsingle crystals)and,therefore hasprobablythe sameorigin [1].
Furthermorethe onsetof the resistancalsoyields the irreversibility field B;,, (the field
atwhich J; disappearsyvhichis, like U, closelyrelatedto the pinningof vorticesandis a
veryimportantparametem HTS.

Sincethe Ag-sheathedi-basedapesarethemosthighly developedhigh-T; supercon-
ductorsfor high currentapplicationtheknowledgeof their J. — B— T surfaceis desirable.
Recently the studyof J. — B curves(4.2 < T < 77.3 K) for an Ag-clad Bi,Sr,CaCuypOy
(hereafterBi2212) tape[3] enabledthe constructionof J; — B— T surfacefor this sys-
tem. We performedsimilar measurementsn an Ag-clad (Bi,PbpSrnCaCusOy (hereafter
Bi2223) tapeandcompareherethe J. — B— T surfacesfor thesesystemsFor both sys-
tems,we find the scalingof J. andthe macroscopiginning force Fp = J.B with B over
a broadtemperaturgangeT > 0.5 T¢. This behaiour is analogougo that obsered in
epitaxialfilms [4—6] andsinglecrystals[7,8], andshows that at finite fields (biggerthan
theself-field of J;) our tapeshehae ashomogeneouBl TS. Furthermoreywe compareour
J. — B—T resultswith thosefor U andB;;, of the samesamplesThis comparisorseems
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to indicatethatwithin theinvestigatedield range(B < 1 T), U determinesheJ.—B—T
variation (via the scalingfield B*) andBy,,. In particular the magnitudesf B* and B,
seemto be determinedwith thatof U, whereagheir temperaturelependenciearedeter
minedwith the thermaleffectson the pinning of vortices(thetemperaturelependencef
U).

2. Experimentaprocedue

Thesamplepreparatiorandthe measurememhethodsverereportedearlier[3,9]. The
Bi2223tape[9] (containing/.5%o0f Bi2212phasewasthesameonefor whichthepinning
potential[10] Up(B) andJ.(B, T) werepreviouslystudiedfor T > 77 K. We extendedhese
measurements 4.5K andperformedsomenen measurementsf J.(B, T) onBi2212tape
from Ref. 3. In presentedneasurementshe magneticfield B wasappliedperpendicular
to thetapeplane.Theadwantage®f this geometryaresimplervortex structurgparallelto
B) andlargerchangeof J. overthe availablerangeof B. As discusse@lIsavhere[3,9], the
reductionof J; with B for B in the planeof tapedepend®n the alignmentof grains(angle

O

TABLE 1. Datafor thetapes:); is thecritical currentdensityat4.5K, Ug is thepinning
potentialatB = 0.9 T, a is the exponentof the initial J; ~ B® variationand is the tilt
angleof grains.

Tape | To(K) | Jo(kA/cm?) | ¢°) | Uo(K) a
Bi2212 | 90.6 218 8 | 1250 —

2
Bi2223 | 107.4 107 12 | 4800 5

0.
—-0.

Qo

Critical currentl; wasmeasuredvith a pulsemethodby usingthe single savtooth pulse
of typical durationof 10 ms. The J; criterionwasE. = 1juV/cm. Theresistve transitions
weremeasured3,10] with alow frequeng AC methodwith the voltageresolutionof 0.5
nV. Somedatarelevantto ourtapesaregivenin Tablel.

3. Resultsanddiscussion

Thethree-dimensionglot of J.(B, T) variationfor Bi2212tapeis shovnin Fig. 1a.lt
canbeseenthatJ.(B, T = cong) curvesshov somevhatdifferentbehaiour atlowerand
highertemperature¢T > 39 K). At low temperatures). decreasewith B at low fields
(B< 0.1 T), but changes little at higherfields.For T > 39K (t = T /T, > 0.43, where
T. denoteghe zero magneticfield transitiontemperatureTable 1), J. exhibits a second
rapid decreasevith B abose somecharacteristidield which decreasesvith increasing
temperaturg3]. The variation of J; with B in the correspondingepitaxial films [6] is
analogouso thatfor ourtape.Figurelaalsoshovsthatthe T-dependencef J. atafixed
B depend®nthemagnitudeof B.
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Fig. 1. Variationof critical currentdensitywith field andtemperaturdor a) the Bi2212/Ag
tapeandb) the Bi2223/Agtape.
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Fig. 2. Thevariationof pinningforcedensityF, (normalizedo its maximumvalueFpmay)
for Bi2212tapewith magnetidield B (normalizedo thefield B* atwhichFy = Fpmay), for
differenttemperaturemarkedon the graph.

Whereaghe J.(T,B = 0) shavs a (1 —1t)" variationwith n = 1.4 at higherB, J.(T,B =
cong) curvesdecreasenorerapidly with T, and cannotbe fitted with the samelaw [3].
The J. — B—T surfacefor Bi2223 tape,shavn in Fig. 1b, is quite similar to that for
Bi2212tape(Fig. 1a).However, the"crosswer” to hightemperatureariationof J; occurs
in Bi2223tapearoundt = 0.55 (T = 59 K). Asiillustratedin Figs.2 and3 for bothtapes,
the correspondinginningforce densitiesp(= J.B) shaw clearscalingwith B whenB is
normalizedo thevalueB*(T) atwhich Fp reache#s maximumFpmaxandF, is normalized
to Fpmax Clearly, the sameB*(T) leadsto a scalingof the corresponding; vs. B curves

(Fig. 4).
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Fig. 3. Fp/FpmaxVs.B/B* for Bi2223tapefor differenttemperaturedenotednthegraph.
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Fig. 4. Critical currentdensitynormalizedto its valueJ; atB* (thefield at which Fp =
Fpmay Vs. B/B* for the Bi2212/Ag (emptysymbols)andBi2223/Ag (full symbols)tape.
Differentsymbolsdenotedifferenttemperatures.ines illustrateB* variationswith o =
—0.5 anda =~ —3 atlow andhighB, respectiely.

Our maximumfield B= 1 T limited the temperature@angeover which the scalingbe-
haviour could be verifiedto t > 0.55 and 0.43for the Bi2223 and Bi2212 tape, respec-
tively. We notethatary field proportionalto B*(T) canalsobe usedasthe scalingfield,
for instancea field Bg at which Fy, extrapolateglinearly) to zero[4] (Bo = (4 — 5)B* for
ourtapes).Thefield By canthanbetakento approximateB;.,. Thedatain Fig. 4 indicate
that,bothwell belov andabove B*, J.(B) exhibitsthe asymptotigpowerlaw of ~ B® vari-
ationswith differentexponentsa for B < B* andB > B*. In particular for Bi2223tape,
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o = —0.5for B < B*, anda ~ —3 for B > B* wasfound. For Bi2212tapeandB > B*,

we found roughly the samea, but at low-field, power-law variationwaslesscorvincing
(averagea = —0.2). Theexponentsx for our Bi2223tapearethe sameasthoseobtained
for high-J. YBaxCuzO;_5 (hereafteryBCO) thin films [4,11] for T > 40 K. The epi-
taxial Bi2223 films [5] also exhibit the initial J. ~ B~%5 variation, whereasthe high-B

high-T J. ~ B3 variationseemscommonto HTS singlecrystals[7,12]. The B3 varia-
tion is reminiscenbf the large flux bundleregimein the weakcollective pinning (WCP)
theory[13]. For somavhatlower fields (small bundles),this theory predictsan approxi-
mateexp(—B®/2) variationof J., andfinally, atlow fields (pinningof singlevortices),the
field-independend.. Although at the intermediatefields (0.5 < B/B* < 3) our datacan
be fitted to exp(—B%/2), at lower fields they shav strongerinsteadof the expected[13]

wealer field dependencerlhis discrepang may arisedueto the presencef somestrong
pinning centres(not includedin the WCP model) and/orthe granularity (weaklinks) of

oursamples.

Usually, the powerlaw increaseof J; for B < B* in tapesis attributedto weaklinks
atthe grainboundarieg14]. However, the presencef a similar upturnof J; for B < B*
in epitaxialfilms of HTS (which exhibit strongflux pinning [4]) seemgo questionthis
conjecture.Accordingly, thereis no evidencethat the power-law upturnof J; belon B*
is the consequencef the weaklinks only. Also, thereis no evidencethat the absence
of suchan upturnbelow B* (the saturationof J;) indicatesthe absenceof weak links
in the given material.In particular sinceJ. is definedwith somespecifiedelectricfield
value (E), its variationwith B may only indicatewhetherthe dissipationaroundE; is
dominatedwith depinningof vortices(flux creep)or with weaklinks (phaseslips within
thejunctionsand/ortheir transitionsto the normalstate).Clearly, ratherlow J.(B= 0) in
tapes(ascomparedvith thosein the correspondingpitaxialfilms which aresometento
hundredimeshigher)indicatesa ratherpoor couplingbetweerthe grainsand,hencethe
presencef weaklinks. However, at sufficiently low Ec, the currentprobablyflows along
the stronglycoupled(percolatie) pathwithin the tapesandthefield dependencef J; is
likely to reflectthe flux creep.Leaving asidethis asyet unsohed problemof the low field
variationof J. in HTS tapesandepitaxialfilms, we will concentratén the following on
theobseredscalingof J. andF, with B whichis the centralresultof our study

It seemaunclear[15] whetherthe collective creepandvortex glassmodels[13] can
explain the scalingof J. with B* or not. Also, the modelsexplaining the scalingof Fy in
thecorventionaltypell superconductord 5] cannotbeappliedto HTS, sincethey ignore
thermaleffects. Accordingly, the scalingof Fy in HTSsis usuallydescribedn termsof
phenomenologicamodels,taking into accountthe thermaleffects[4,5,11,15]. Without
goinginto detailsof theseapproachesye notethatthey predictthe scalingfield (usually
takento be By, ) thatincreasesvith the pinning potentiallg. Thecomparisorof Ug values
for our tapes(Table 1) with the correspondindields B* (Fig. 5) seemso supportthese
predictionsin particular
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Fig. 5. Thefield B* (atwhichFp = Fymay vs. T /T¢ for the Bi2212/Ag(0) andBi2223/Ag
(0) tape.

atthe samevalueof t, the magnitudeof B* for the Bi2223tapeis aboutfour timeslarger
thanthatof the Bi2212 sample. The magnitude®f B* for B in the planeof thetapewere
four (Bi2223)andseven(Bi2212)timeslargerthanthosefor B perpendiculato the plane
at the samet, whatis consistenwith betteralignmentof grains(smallerangle¢) in the
Bi2212samplethanthatin the Bi2223tape(Tablel). Theirreversibility fields B;;, of our
tapeqdeterminedrom theresistietransitionsby usingthecriterionR/R, = 0.005,where
R, is the respectie resistancen the normalstate),behaed similarly to the correspond-
ing B*s (Fig. 5). Closeto T, B* for both tapesseemso follow a (1 —t)" variationwith
n~ 2.3. Thisis nearlythe samedependencasthat of the vortex-glassmelting field By
deducedrom the E — J curvesfor a Bi2223tape[16]. Moreover, thereportedvaluesfor
By areroughly the sameasB* for our tape.In spiteof this, it is not quite clearwhether
B* is By or not. In particulay in thesegranularsamplesa broaddistribution of critical
currentd17] makestheanalysisof E — J curvesrathercomplex. Moreover, eventheactual
meaningof J (obtainedby dividing measured with the averagecross-sectioreaof the
core)is ratheruncertainif one considerghe percolatve currentpath, meanderingalong
the well connectedyrains. FurthermoreB* is not a crosseer field, sinceJ; follows the
sameexp(—B%2) variationbothbelow andabove B* (Fig. 4). Thereforejt seemsunlikely
thatthe vortex glassmeltsat B* in our tapes.The high-accurag measurementsf V — |
curves,andthe extensionof J;(B, T) measurement® higherfields,mayhelpto elucidate
this question.TheobsenationthatB;;, seemdo follow the sametemperaturelependence
asB* allows to checkwhetherthe thermalactivation of vorticesover the enegy barrier
U canexplain their variationsor not. We notethatour By, is determinedrom the resis-
tanceregionwhereR ~ exp(—U /KT). Therefore fixedR meandJ /KT = cong. Inserting
U = Up(1—1t)/B™, which is appropriateboth for our tapes[3,10] andthe corresponding
epitaxialfilms [5,6], we obtainBj;, ~ ((1/t) — 1)1/m. Fig. 6 shavs thatboth B* and B,
of Bi2212tapefollow quitewell a ((1/t) — 1)P variationwith p= 1/m, wherem=: 0.5 is
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deducedrom the variationof Ug with B shavn in theinsetin Fig. 6. SinceB* and By,
of our Bi2223tapeandthe samet areconsiderablyhigherthanthoseof Bi2212tape(the
correspondindJg is larger, Table 1), thesedatacover a smallertemperaturgangethan
thoseshawn in Fig. 6. However, within this limited temperatur@angethey alsoseento
shav a ((1/t) — 1)Y™ variation.

100 E— T .I —E

10" F

B(T)

Fig. 6. Variationof scalingfield Bi;, (emptysymbols)andB* (at which Fy = Fpmax full
symbols)with To/T — 1 for Bi2212tape.Theinset: variationof pinningpotentialJo with
field for the sametape.

The sametype of variationof Bj,; with t hasalsobeenobsenedin Bi2223epitaxialfiims
[18] andtapes[19]. Therefore,it seemdikely thatthe thermalactivation of the vortices
over the barrierU determineghe temperaturevariationsof both B* andB;;; in our tapes
for B< 1T andt > 0.4. SinceJ. andF, areuniquefunctionsof B/B*, this impliesthat
the samemechanisndeterminesalso the variationsof thesequantitiesat temperatures
T > 0.5 Te. Although J; is the uniquefunction of B/B*, this function is not quite the
samefor B < B* in the two tapes(Fig. 4). This resultsin differentdependencef J. and
FpmaxWith B* in the two tapes.In particular Fomax~ (B*)K, with k =~ 1.5 and1.2 for the
Bi2223andBi2212tapesrespectiely. As discussecerarlie it is not clearwhetherweak
links or differentpinning of vorticescausethis differencein the low field variationof Jc
in two tapes.The electronmicroscoly hasindicatedconsiderablyarger defectdensity
in Bi2223tapes[20] thanthatin Bi2212tape[21]. This finding togethemwith the lower
superconductity anisotroy mayexplainhigherUp in Bi2223tape butis uncleawhether
it canexplainthedifferencen J. vs. B variationfor B < B* betweerthetwo tapes.

4. Conclusion

The systematianeasurementsf the variationsof J. with B and T for Bi-basedAg-
sheathedapesyield the J. — B— T surfaceswhich bearall the informationrequiredfor
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their practicalapplicationsOver a broadtemperatureangeT /T, > 0.5, Jc andF, in these
materialsshav clearscalingwith B. Sincethe temperaturevariationof the scalingfields
B* andBj;, seemsdeterminedvith the thermalactivation of vortices,the sameprobably
appliesto J. andFy of thesematerials Ratherstrongthermalreductionof thesequantities
is consistenwith a high anisotroly of thesecompoundsandrulesout the high-B high-

T applicationsof thesetapes(unlessthe extrinsic strongpinning centresareintroduced).
SincethehomogeneouBITS shav a similar scalingof J; with B, thewell preparedapes
can be usedfor the high-accurag transportstudiesof the vortex statesand pinning in

HTS. Sinceat lower temperatureshe thermalactivation of vorticesshouldbecomeless
important,the extensionof thesemeasurements higherfields (lower temperaturesis

very importantfor the understandingf the pinningmechanisms(sh Bi2212andBi2223
tapesFurthermoretheaccuratestudiesof thecritical currentdistributionswithin thetapes
arerequiredin orderto understandhe effects of microstructurg(grain connectity) on

J. — B—T surfacesof thesematerials.
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TERMICKI UTJECAJINA Jc — B— T PLOHE SREBFOM OBLOZENIH
SUPRA/ODLJIVIH VRPCINA OSNOVI BIZMUTA

Prowtavanesu J. — B— T plohe srebromobloZzenih Bio,SrCaCyOg,x (Bi2212)i (BI,
PbpSrnCaCuzO10+x (Bi2223) vrpci u podritju temperaturat.5 — 100K i magnetskg
poliaB < 1 T. J(T,B) i gustdasile zapinjanjaF, = J.B, u obje vrstevrpci, pokazuju
normiranjeslicnoonomu monokristalima epitaksijalnimslojevima visokotemperaturnih
supraodica, zatemperaturd < 0.5 T;. Paralelnoistrazivanje potencijalazapinjanjalUg
i ireverzibilnih polja Bj;; (odredenihiz otpornihprijelazau magnetskm polju) pokazuju
daaktivacijske barijereU = Ug(1— T/Tc)/B™ odredujuveli€inei temperaturn@evisnosti
normirajLtih polja B* (definiranihs Fy = Fpmay 1 Birr. Znatnoveti Ug za Bi2223 traku
u usporedbs onim Bi2212trake, pripisujeseniZoj anizotropijitog spojai viSemstupnju
strukturnihnesarsenostiMedutim,u obje vrstevrpci zapinjanjemagnetskitvrtioganije
dovoljno zanjihove primjeneu jakim poljimai pri visokimtemperaturama.
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